Lowly permeable sandstone reservoirs play an important role in the exploration and exploitation of natural gas and petroleum in China. The reservoirs are major lowly permeable sandstone reservoirs in Chang 2 division, Yanchang Formation, Upper Triassic in Zhang-Han oilfield, which located in the northern Shaanxi slope of Ordos Basin. According to the distribution and composition of sand beds, integrated measured physical properties, micro-pore structure analysis, cast thin section observation, scanning electron microscopy, the impacts of deposition and diagenesis on porosity evolution are analyzed. The essential diagenesis causing the porosity loss is evaluated quantitatively, and finally the origin mechanisms of low permeability reservoir in Zhang-Han oilfield are discussed. The results show: (1) Fine particle and low compositional maturity arkose are the material foundation of the formation of poor physical property sandstone; (2) The main pore space of reservoir is secondary pores. There are two types of combined pores that including dissolve-residual pores and dissolve-micropores. The porosity values display an approximately normal distribution, and permeability values are asymmetric distribution of the logarithm in lowly permeable sandstones. Their correlation coefficient becomes more and more worse with the decrease of permeability; (3) There are four diagenetic facies, in which three diagenetic facies belong to extra-lowly permeable and ultra-lowly permeable reservoir sandstones and widely distributed, and they are diagenetic lithofacie background of lowly permeability sandstone; (4) In low compositional maturity arkose, its initial porosity is 1/4 lower than conventional reservoir, the secondary and dissolved pores are main pore types of lowly permeable reservoir rocks. It is also a key factor of effective oil-bearing of lowly permeability sandstone.
INTRODUCTION
The division and causes of low permeability reservoir sandstones have been discussed for a long time, but there are not clear standards and boundaries among them. According to petroleum exploration and exploitation practice in China, it is regarded as lowly permeable reservoir when the permeability of reservoir sandstone is lower than 50×10 -3 µm 2 . The percentages of lowly permeable hydrocarbon resources are gradually increasing in China nowadays. Therefore, there are important significant meanings on studying the physical properties of low permeable reservoir, characteristics and causes of porous media formation. On the basis of efficiency of low permeable oilfield development, they are divided into 3 sub-types: general-lowly permeable reservoir sandstone (its permeability in (10-50) ×10 -3 µm 2 ), extra-lowly permeable reservoir sandstone (its permeability in (1-10) ×10 -3 µm 2 ) and ultra-lowly permeable reservoir sandstone (its permeability less than 1×10 -3 µm 2 ) (Li, 2003) . The formation and evolution of low permeable reservoir sandstone are closely related to deposition, diagenesis and tectonics (Zeng and Li, 1994; Jiang et al., 2004; Yang et al., 2007) . Based on the geological factors, low permeable sandstone reservoirs can be divided into the original low permeable reservoir, the secondary low permeable and fractured low permeable reservoir (Zeng and Li, 1994) .
In contrast to conventional reservoir sandstones, it is very difficult to enhance high quality reservoir in low permeable sandstone, and there are more destructive factors decreasing their physical properties. In stage of being shallowly buried, the different composition and sorting of the sandstone lead to different degree of porosity loss during compaction. There are more impact by the compaction in low permeability sandstone with finer grain and more muddy content than in conventional sandstone (Li et al., 2000; Jiang et al., 2004) , reflecting the controls of lithology and lithofacie characteristics on pore evolution. While in certain burial depths, the pore evolution of sandstone is mainly controlled by the interaction between fluid and sandstone, such as organic acids and carbonic acid affecting on the dissolution of aluminum silicate minerals and carbonate sediment (Surdam et al., 1989; Bloch and Franks, 1993; Huang et al., 2004; Zhu et al., 2007) ; or by abnormal high pressure generating secondary pore (Ramm and BjΦrlykke, 1994; Zhou et al., 2004) ; or by hydrocarbon incharge (Wang et al, 2005; Eichhubl et al., 2009) , or by chlorite coat and quartz cladding (Ehrenberg, 1993; Zhang et al., 2004 , Berger et al., 2009 Dutton, 2009) , which preserve the initial pore or generate the new pore space. The primary pore or secondary pore will be destructed and even gradually disappeared by the carbonate cementation , quartz cementation ( (Marchand et al., 2000; Olav Walderhaug, 2000; Qiu and Pan, 2005) and clay minerals or other mineral emergence (Cao et al., 2005) . Meanwhile, in deep buried low permeable reservoir sandstones, there is a nature of strong heterogenerous in physical property, and the obviously lognormal in permeability distribution (Salman and Robert, 2002) .
GEOLOGICAL SUMMARY ON STUDY AREA
Ordos basin is located in central China with area of 25×10 4 km 2 (Fig. 1 ). The regional geology has been reported by many geologists ). The Yanchang Formation (upper Triassic series) is the first target on hydrocarbon exploration and development in China mainland. Its sedimentary and filling record displayed the intermitten and episodic process of large scale lacustrine sedimentation with fresh water (nonmarine facies). The Yanchang Formation can be divided into 5 sections (T 3 y 1 -T 3 y 5 ), and be furtherly divided into 10 layers (i.e. oil beds combination) vertically from Chang 10 to Chang 1 divisions upward (He, 2003) (Table  1) , in which from Chang 10 to Chang 7 with 100 -300 m of total deposition thickness is the progradation phase from formation to development of lake basin. It was peak period of lacustrine deposit with area of 10×10 4 km 2 during Chang 7 deposition, forming dark lacustrine mudstone and interbedded oil shale. The R o value of organic matter ranges from 0.75% to 1.1% at present, being regarded as most important and major source rocks. It belongs to building and developing phase of lacustrine basin delta period from Chang 6 to Chang 1 divisions. Sedimentary sequence changed from the gray green fine sandstone towards siltstone and peat series with the total thickness about 350 -500 m. As for Chang 2 division period exclusively, the scope of lacustrine basin was reduced and braided river delta deposition was dominated (Fig. 1) , and the thickness of this layer is 60-100m. Zhang-Han oilfield is located in Dingbian County, Shaanxi Province. The area of studying district is about 30 km 2 . The main industrial reservoir bed is of the sandstone of Chang 2 division. Its petroleum geological reserve is 2300.14 × 10 4 t in Yanchang Formation at the end of 2006, and 2/3 reserves is located in Chang 2 division. It belongs to middle scale oilfield with the features of shallow burial, low output, low abundance and low permeability. The reservoir sandstones are developed in distributary channel from delta plain, in which multi-cycle of sand and shale layers caused thin reservoir beds, poor continuity and oil and water differentiation, and strong heterogeneity. The current tops of Chang 2 division are mainly uniclinal to the west in structure with their elevation from -240 m to -145 m. The distribution and quality of reservoir bed are controlled by sedimentary facies and diagenetic facies, and the type of reservoir belongs to lowly permeable lithostratigraphic reservoirs. This oilfield is developed relying on natural energy typically, with natural oil recovery less than 10%, maybe up to 20%-30% by appropriate measures. Fig. 2A) . Porosities of 129 samples are 12%-20%. The statistical result also shows that values of rock permeability appear in logarithmic normal distribution with big variance (great deviation) (Fig. 2B) , in which the permeability of 4 samples is higher than 50×10 -3 µm 2 and belongs to conventional reservoir. This high porosity and permeability sandstone formed at the background of generally lowly permeability reservoir is propitious to the hydrocarbon migration and accumulation. The permeability of 149 samples is lower than 50×10 -3 µm 2 and belongs to lowly permeable reservoir bed. In domain of lowly permeable reservoir bed, 29% of all samples (44 samples) belongs to general-lowly permeable reservoir sandstone with permeability of (10-50)×10 -3 µm 2 , 50% of all samples (76 samples) belongs to extra-lowly permeable reservoir sandstone with permeability of (1-10)×10 -3 µm 2 , and 18% of all samples (28 samples) belong to ultralowly permeable reservoir sandstone with permeability lower than 1×10 -3 µm 2 ). Lognorma1 permeability distribution in sandstone. The highest permeability occurs in proximity to the contact with the denudation; C. The permeability value colsely related to porosity value in general lowpermeability sandstone. The lower permeability value is, the more poor relation between porosity and permeability.
The lognormal distribution of rock permeability values reflected impacts of diagenesis, combining with microscopic pore structure analysis among every sample. The complexes of different diagenesis in different geologic stages caused the trend to non-normal distribution of rock permeability. In all samples, 24% of samples become unconsolidated in cementation due to being dissolved of detrital grain, and finally the relatively high permeability values (>10×10 -3 µm 2 , even >50×10 -3 µm) were formed, thereby urged the change of permeability distribution from usually normal distribution in conventional reservoir sandstones to asymmetric logarithmic distribution. The main factors affecting the relationship between porosity and permeability were grain size and lithology of sandstones. On the basis of comprehensive analysis in this region, low permeability of sandstone is regarded as mainly being affected by porous medium conditions from complex diagenesis, besides the impact of lithologic facie (Fig. 2C ). There are good relations between porosity and permeability in general low permeable sandstones, but in the ultra-low permeability sandstone, the correlations between porosity and permeability are poor, and their limit of rock permeability is at the value of 1×10 -3 µm 2 . On view of information from this practice, there is strong microheterogeneity in lowly permeable sandstones, and the lower permeability value is, the stronger heterogeneity and more poor relations between porosity and permeability are.
POROUS MEDIA FEATURES 4.1. Pore types
According to observing results on casting body slice and scanning electron microscopy, the pore types in Chang 2 sandstone reservoir can be divided into 3 types: residual intergranular pores (their pore diameters of 0.03-0.50 mm); secondary pore [consisting of intergranular dissolved pore (pore diameters of 0.02-0.50 mm), moldic pore (pore diameters of 0.02-0.10 mm), intragranular dissolved pore (pore diameters of 0.02-0.10 mm) and micro-pore in materials filling former pores (pore diameters of 0.02-0.05 mm)]; and micro-fractures (fracture width of 0.05-0.1 mm).
The types of pore compiling in low permeability sandstone on study area are the mixing and combination of different pore types (Fig. 3A) . There are two kinds of pore compiling in all 32 samples. 81% of samples (26 samples) is located in area of dissolve-residual pore type, in which the dissolved pores formed by feldspar grain dissolution, and the residual pores protected by chlorite coat can be seen under the microscope (Fig. 3B ). Only 19% of samples (6 samples) is located in area of dissolvemicropore type, in which the dissolved pores formed by feldspar grain dissolution and the interstitial micro-pore from kaolinite cements can be seen under the microscope (Fig. 3C ). There are different developing characteristics of pores in these two types of pore combination (Table 2 ). In the combining type of dissolved pores -residual pores, it is mainly developed by dissolved pores and residual intergranular pores, and dissolved pores are dominant pore. Their ratios are from 52% to 91% with mean value of 65%. The ratios of residually intergranular pores are from 6% to 41% with mean value of 24%. The ratios of microscopic intercrystalline pores are from 3% to 21% with mean value is 9.8%. In this pore type of sandstones, the surface of quartz grain is usually covered by chlorite coat, and the diameters of pores are 0.03-1mm. In the other combining type of dissolved micropores, there are mainly dissolved pores (their ratios are from 58% to 80% with mean value of 68%), the microscopic intercrystalline pores (their ratios are from 11% to 24% with mean value of 19%), and less residual intergranular pores (with content from 9% to 18%). This combining type of pores is characterized by smaller pore radius of 0.03-0.08 mm and mixture of different pores. Therefore, there is relatively prone to generate anomaly high permeability (>10×10 -3 µm 2 ) in sandstones with combination of dissolved-residual pores. 
Throat types
The types of throat are divided according to the classification criteria considering the median radius of throat (R 50 ) from intrusive mercury curves (Wang, 2007) . The result reveals a lognormal distribution with greater variance (large skewness) of R 50 values from 32 samples (Fig. 4A) . In all samples, 27% of samples (8 samples) belongs to micro-throat (<0.2µm); 23% of samples (7 samples) belongs to micro-fine throat (0.2-0.5µm); 37% of samples (11samples) belongs to fine throat (0.5-1µm); 10% of samples (3samples) belongs to median-fine throat (1-3µm); and only 1 sample (3%) belongs to coarse throat (<3µm). That is, most samples (87%) belong to reservoir sandstone with micro-throat, micro-fine throat or fine throat. Previous studies showed that permeability is closely related to pore structure (Nabawy et al., 2009) . In Zhang-Han oilfield, the occurrence of necking, flaky and curved lamellar throats could increase the camber and coarseness of the pore, so that permeability values of reservoir sandstone are reduced easily.
The curve showing relationship between median radius of throat (R 50 ) and permeability is characterized by segmentation (Fig. 4B) . At the extent of extra-low, ultra-low permeable reservoirs with permeability of (0.1-10)×10 -3 µm 2 and R 50 of 0.1 -1µm (micro-fine and fine throat), there is a steep relational line between R 50 and permeability, reflecting the rapid increase of permeability following with increase of R 50 value. But in other extent of R 50 (<0.1µm, or> 1µm) in reservoir sandstones with micro-throat, edian-fine and coarse throat, there is a just gentle slope in relational line, reflecting the slow increase of permeability following R 50 and weaker contribution of R 50 . Therefore, there are more obvious and effective controls on permeability from size of throat in extra-low, ultra-low permeable reservoir sandstones than other types of low permeable reservoir sandstones.
Mean coefficient of throat, reflecting characteristics of the micro-heterogeneity in reservoir sandstones, has a negative correlation to permeability, and the curve is also characterized by segmentation (Fig. 4C) . At the same time, the permeability is more sensitive to mean coefficient of throat at the extent of extra-low, ultra-low permeable reservoirs with permeability of (0.1-10) ×10 -3 µm 2 . So generally, the stronger microheterogeneity reflecting emergence of bigger throat in background of small pore is, the more abnormally high permeability in low permeable reservoir is, especially in extralow, ultra-low permeable reservoir sandstones. This is a special and peculiar feature in lowly permeable reservoir sandstones, and is obviously different from conventional reservoirs. The highest R 50 occurs in proximity to the contact with the denudation; B. The curve showing the relationship between throat size and permeability characterized by segmentation; C. The negative relation between micro-heterogeneity and permeability, also by segmentation.
AFFECT OF DEPOSITION ON PHYSICAL PROPERTY
The sandstones of the distributary channel microfacies of the delta plain subfacies distribute in north-south like strip. The sandstones of Near-source environment have high contents of feldspar and mica debris, resulting in the low compositional maturity. The hydrodynamic setting of continental facies is stronger than those of the lake facies, and mainly is drag flow. Therefore, the debris is of sub-angular and rounded shape, and is of fine grain size and better sorting.
Compositional maturity of reservoir sandstones
The reservoir sandstones from the Zhang-Han oilfield have high content of feldspar and other unstable debris based on 32 casting thins from sandstone samples. 87% of all samples (28 samples) are arkose, and the other 13% of all samples are lithic arkose. They have low total average compositional maturity with (Q / (F + R) values of 0.64. This is similar to low permeable reservoir sandstone from other basins. The general trend is that compositional maturity significantly is negatively correlated with the content of dissolved pores (Fig. 5A) , It would help to provide the material to be easy to dissolved and form the new pores with less compositional maturity. According to microscopic observation, residual intergranular pores are developed on different degrees in study area. There are obvious positive correlation between the content of pores and rigid grains (quartz, feldspar) (Fig. 5B) . In burial process, these rigid grains may be more effective against compaction of sandstones, and so preserving the initial pores and forming current residual intergranular pores. 
Grain size
According to statistical analysis on 32 samples in Chang 2 division sandstones, the grain sizes are of 0.05 to 0.25mm, and 55% of samples are fine sandstones with better sorting. These grain sizes are generally lower than conventional reservoir sandstones. Generally, there are complicated relations between average grain sizes and porosity (Fig. 6A) . It is found that the porosity is more than 15% in samples with more than 50% of relative content of dissolved pore. There are two kinds of correlation in very fine sandstone and fine sandstone, respectively, while average grain sizes is larger than 0.15mm. The porosity would increased with grain sizes obviously, but others are out of orders.
In sandstone samples with larger than 0.15 mm of average grain size, the values of porosity would be reached 15% or more when the content of cements is less than 5%, but it would be below 15% when the content of cements is more than 5%. This is the result of the deposition and its influence on diagenetic transformation.
Similarly, the grain size also affected permeability of sandstones (Fig. 6B) . When the mean grain sizes are greater than 0.15 mm, lowly permeable sandstone would have permeability greater than 1×10 -3 µm 2 , corresponding to a porosity of roughly 15% in sample suite.
AFFECT OF DIAGENESIS ON PHYSICAL PROPERTY 6.1. Mechanical compaction and its destruction on physical property
Under microscope, mechanical compaction performed as re-rank of rigid grains (quartz, feldspar, etc.) accompanying with surface cracks and micro-fracture in grains, and the deformation and bending of plastic grains (e.g. volcanic debris, mudstone debris, mica, etc) by compression (Fig. 7A) . The ways of contact between rigid grains approach to linear and point -linear contacting. The microscopic character-ristic of different diagenesis. Explanation: A. Micro-fracture created by feldspar (F) compaction, and filled by clay mineral partly, D1271well, 1149.6m, plainlight microscope image; B. Grains covered by chlorite coat (Cc) generated in early diagenesis, preserved intergranular pore (Pr), but blocked throats partly, D2128well, 1829m, plainlight microscope image; C. Kaolinites aggregated in kaolinite platelets (Kc) filling intergranular pore, and generating micro-intercrystalline pore; D1271well, SEM images; D. Calcite (Ca) cement replacing feldspar, phyllite (Phy) being highly deformed and filling intergranular pore, self-generated quartz rim (Qr) covering quartz grain (Qtz), D1705well, 1748.9m, crossed polars image; E. Small quartz crystal (Qc) separated from unbound SiO2 in intergranular pore, D1271well, 1149.6m, plainlight microscope image; F. Ferrocalcite cement (FCa) filling pore early and dissolving and generating lately dissolved intergranular pore (Pd), D1804well, 1933.5m, plainlight microscope image.
Different kinds of cemented materials and their affects on pore 6.2.1. Chlorite coat
The debris grains are covered by chlorite coat in thin membrane-like in study area, and the relative contents of chlorite in clay minerals are from 26.5% to 57.3%. While the debris grains were contacted closely during compaction, the chlorite coats with thickness of 0.2µm to 0.5µm could lead to more and more thinner throats, and furtherly, reduce permeability. The finer the grain sizes is, the smaller the pore throats and the greater the impacts on permeability by chlorite would be (Fig. 8) . Permeability could be reduced to lower than 5.5×10 -3 µm 2 by chlorite coat in fine sandstone, and be reduced to lower than 2×10 -3 µm 2 in very fine sandstone and 0.1×10 -3 µm 2 in coarse silt, respectively. Therefore, in lowly permeable reservoir sandstones, although the chlorite coat could preserve porosity in some extent, it reduces the permeability of the reservoir sandstones at the same time. Grade of reduce is closely related to grain size. 
Kaolinite
Book's page-like and vermicule-like kaolinite are distributed around grains of feldspar and debris (Fig. 7C) , and their relative content in clay minerals is from 45% to 60%. The material foundation of self-generated kaolinite is abundant feldspar grain in reservoir sandstones in the study area. The emergence of kaolinite indicated the dissolution of feldspar grains and initial stage of beginning of secondary pore, but the pore structure is also destructed by kaolinite acting as the cement. The physical properties are more affected by kaolinitic clay especially in very fine sandstones (Fig. 8) . Permeability could be reduced to lower than 5.5×10 
Carbonate cements
Carbonate cement are very common, and their content may be up to 40% in cements to highest extent, occurring in forms of intergranular cement and displacement materials. They played double roles in physical properties of sandstones: on one hand, carbonate cementation would plug pores and reduce the quality of reservoir sandstones; on the other hand, the cement precipitated in the reservoir sandstone could serve as role of support, reduce degree of pore destruction caused by sandstone compaction, and preserve effective volume of intergranular pores (Fig. 7D, F) . So it is favorable to formation of the secondary porosity.
Self-generated Quartz
According to microscopic observation, the content of self-generated quartz cement can be up to 5.0% in thin sections. There are two periods of origin and two types of precipitation in self-generated quartz cements. One is growing in same axle along debris quartz grain, and is observed enlarged borders of self-generated quartz around quartz grains in different extent. They have more obvious destruction on physical property of sandstones and cause debris grains being cemented tightly (Fig. 7D) .
Another is the small quartz crystal precipitated in intergranular pores (Fig. 7E ).
The improvement of denudation on physical property of reservoir sandstones
It is showed that at least 1/2 to 2/3 of pores in reservoir spaces belong to secondary pores by microscopic statistics, even in some samples the content of secondary pores is near to 100%. The major occurrence of denudation are being dissolved of feldspar and rock debris, forming dissolved pores and fissures in feldspars and dissolved fissures in rock debris. There is also denudation of carbonate cements. All these denudations improved physical properties of reservoir sandstones, and were main factors affecting forming of secondary pores (Fig. 7F) .
Diagenetic facie and its relation to physical property
There are formed four kinds of different diagenetic facies because of difference of diagenetic types and strength in study area, according to microscopic observation of 32 sandstone samples.
Chlorite coat cemented and feldspar dissolved facies
Nine samples (28%) belong to diagenetic facie. They are mainly fine sandstones and a few very fine sandstones and coarse siltstones, all with a high content (75%-80%) of rigid debris, e.g. quartz and feldspar, protecting residual intergranular porosity in some extent.
There are mainly compaction and chlorite coat cementation in early diagenesis, and large-scale carbonate cementation filling pore in late diagenesis. It is observed that chlorite coat exists and feldspar debris is dissolved. Their main pore types are the dissolved intergranular pore and the residual intergranular pores (Fig. 7B) .
The nature of pore mutual connecting is best in all four kinds of diagenetic facies. The sandstones display median -fine throats. Those coarse throats are developed with better correlation between porosity (>15%) and permeability (>10×10 -3 µm 2 ) (Fig. 9) .
Therefore, the sandstones belong to generally lowly permeable and extra-lowly permeable reservoir rock and form highest reservoir quality. Figure 9 . The relationship between porosity and permeability of all diagenetic facies.
Quartz cementation and feldspar dissolving facies
There are 9 samples (28%) belong to this kind of diagenetic facies. They are mainly fine -very fine sandstones with higher content of rigid debris (65%~75%). They developed mainly by compaction and secondary enlarging of quartz in early diagenesis stage, and not cemented by late carbonate in early diagenesis stage. Now secondary enlarging of quartz and dissolving of feldspar are seen now, their pore types are mainly dissolved intergranular pores and the residual intergranular pore and a little intercrystalline micro-pores in kaolinite (Fig. 7E ).
There is better connecting among pores in this kind of diagenetic facies. In this type of sandstones, micro-fine and fine throats are developed with better correlation between porosity (10%~15%) and permeability ((4.5-14.5) ×10 -3 µm 2 ) (Fig. 9 ). So these sandstones belong to extra-lowly permeability reservoir rocks.
Chlorite coat and carbonate cementation facies
There are 8 samples (25%) belong to this kind of diagenetic facie. They are mainly coarse silt and very fine-grained sandstone. As a result of cementation of early chlorite coat and late ferrocalcite, a certain degree of intergranular pore spaces are preserved. The main types of pore are dissolved intergranular pores and microscopic intercrystalline pores in kaolinite cements (Fig. 7F) .
There are partial connecting pores and micro-fine and fine throats in this kind of diagenetic facies with porosity of 5%-15% and permeability of (0.3-5)×10 -3 µm 2 (Fig. 9) . So they belong to extra-lowly permeable reservoir rocks (5 samples) and ultra-lowly permeable reservoir rocks (3 samples).
Quartz and carbonate cementation facies
There are 6 samples (19%) belonging to this kind of diagenetic facies. They are mainly coarse silt. In these rocks, the enlarge borders of quartz grew in early diagenetic stage, and are cemented by carbonate minerals in late stage. The main types of pore are dissolved intergranular pores and a little dissolved pores in feldspar (Fig.7D ).
There is a least degree of pore development and weak connecting among pores. Micro-fine throats developed mainly in this kind of diagenetic facies. A part of pores are no-connected or invalid pores. All the values of permeability are lower than 0.3×10 -3 µm 2 . So the sandstones belong to ultra-lowly permeable reservoir rock. There are strong heterogeneity, and worse relation between porosity and permeability, because of uneven distribution of pores.
Overall, in all four kinds of diagenetic facies, there are higher values of porosity in chlorite coat cementation and feldspar dissolving facies. The poorest degree of pore development is in quartz and carbonate cementation facies. The order of reservoir rock quality among four diagenetic facies is as follows: chlorite coat cementation and feldspar dissolving facies>quartz cementation and feldspar dissolving facies>chlorite coat and carbonate cementation facies>Quartz and carbonate cementation facies (Fig. 9) .
Quantitative evaluation of diagenesis on physical property 6.5.1. Restoring initial porosity
The formula presented by Scherer (1987) is modified to restore the initial porosity of lowly permeable reservoir sandstones as follows:
Pi=18.60+4.73×Qz+1.42×R+17.37×So
Where Pi is initial porosity of sandstone, So is the Trask sorting coefficient, Qz and R are percentages of quartz and plastic debris at present respectively. It is indicated that the initial porosity in conventional reservoir sandstones ranged from 35% to 45% in previous studies, but in lowly permeable sandstones from Zhang-Han oilfield, this value is only about 30%. The main reason about this includes low compositional maturity, less rigid grains, and small grain size, reflecting characteristics of nearby source continental depositional environment, and providing the initial material conditions of lowly permeable reservoir sandstone.
The loss of porosity caused by compaction and cementation
Because the sandstones from Chang 2 division in this study are subjected to violent compaction and cementation in geological history, their physical properties were destructed obviously. It is important to evaluate the loss of porosity caused by compaction and cementation. In this paper, the results of the calculated parameters are showed in Table 3 .
According to Table 3 , mean value of initial porosity was 29.8%, and mean values of porosity loss by compaction and by cementation were 16.8% and 7.9%, respectively. The lower loss of porosity by cementation (not just meaning of weak cementation) was mainly caused by the lower content of cement now because of the occurrence of dissolution. The closer to 1 of compaction index is, the more loss of porosity by compaction is. The closer to 0 of compaction index is, the more loss of porosity by cementation is. The compacting index of 94% samples was mainly distributed in 0.5-0.9, reflecting the compaction is the key factor causing decrease of porosity and permeability. 
ORIGIN MODEL OF LOWLY PERMEABLE RESERVOIR BED
The component and architecture of debris and initial pores were controlled by the depositional environment, and diagenesis influenced crucially the present quality of reservoir rock.
The sandstones in Chang 2 division were developed in delta plain sub-facie of deposition, and are characterized by fine grain and higher content of plastic debris. The mean value of initial porosity is about 30%, lower than the marine sedimentary sandstone.
In the early diagenesis stage, as the depth of burial of sediments increases, the porosity of sediment is reduced rapidly by compaction (about 10%). Throats of pore also become smaller and permeability reduced dramatically (Fig. 10) . This is the initial period of porosity loss. At the same time, there are still preserved higher primary porosity in distributary channel sandstones because of containing certain content of rigid debris (e.g. quartz, feldpar) with stronger capability of resisting being compacted. Owing to the lower compositional maturity in reservoir rocks, the dark minerals such as debris of volcanic rock and black mica were watered and ions of Fe 2+ and Mg 2+ were separated out of rock, and contributed to forming of chlorite coat (membrane). It persisted to quartz enlarge border and improved capability of resisting being compacted and protected effectively intergranular pores. At the same time, the width of throats between pores and the permeability of rock were reduced, especially in fine sandstones. In sandstones without chlorite coat, quartz enlarging borders around grains grew up, so intergranular pores were damaged strongly. Similarly, the permeability of rocks was reduced more strongly. Early cement could result in porosity loss of 5%. The overall porosity in this phase was 15%. In the middle stage diagenesis, carbonates dissolved in flowing pore water were precipitated in intergranular pores. These sandstones were cemented tightly by drastic increasing carbonate cement. The loss of porosity could reach 10%, resulting in loss of sandstone lost permeability. So, their ability of resistance to compaction was enhanced, and certain intergranular volumes were protected effectively. The opportunity occurred to form new secondary pores in late stage of diagenesis. Another part of sandstones without carbonate cements due to lack of fluid operation would be further affected by compaction, and loss of porosity was about 5%. The general loss of porosity was about 5%-15% (Fig. 10A, B) . The concomitant acidic formation waters due to the generation of hydrocarbon from organic matter began to go into relevant sandstone reservoir rocks, and the weak dissolution occurred in carbonate cements and feldspar debris. A small amount of dissolved pore was formed (5% ±) (Fig. 10c) during this period.
In the late stage of diagenesis (phase A), as a result of generation of hydrocarbon from organic matter, the concomitant acidic formation water existed in the pore of sandstone. It could dissolve carbonate cements and feldspar more strongly, resulting in different intensity secondary pores (5%-15%) in four kinds of diagenetic facies. In all, there are minor intercrystalline micro-pores (2%-5%) in kaolinite cements formed by dissolution of feldspar debris. But the sandstone without carbonate cement would be further affected by the compaction, and loss of porosity was about 5% (Fig. 10A, B) .
Generally, the pores in sandstones in study area underwent sedimentary and diagenetic evolution. The mean value of porosity loss by compaction was 16.8%, and the loss by cementation was 7.9 %, but the porosity increase by dissolution was 10% ± (Fig. 10c) .
CONCLUSIONS (1)
The sandstones from the Chang 2 division in Zhang -Han area are mainly made-up of fine-grained arcose. The present physical properties of sandstones are 12%-20% of porosity and (1-15)×10 -3 µm 2 of permeability. 97% of the samples belong to extra-lowly permeable and lowly permeable reservoirs. The porosity is in normal distribution, and the permeability is in nonnormal and logarithm distribution. The lower permeability value is, the more poor related to porosity value will be. (2)
The main pore spaces in reservoir are secondary dissolved pores, and their combining with residual intergranular pores and micro-porosity formed two kinds of pore compile including dissolved-residual pore type and dissolved-micropore type. In contrast to conventional reservoirs, the dominant micro-throat and microfine throat combining with small pore throat are main factors causing lowly permeable nature of reservoir in fine arkose. The minor middle-fine and coarse throats combining with big pores caused local high porosity and permeability segment at the background of generally lowly permeability reservoir, and promoted hydrocarbon migration and accumulation.
The fine arkose developed in delta plain subfacies above water and near source is characterized by finer grain size, lower mineral compositional maturity than convention sandstone. Its high physical properties are difficult to develop. Four diagenetic facies formed in sandstone underwent different diagenesis. Predominant sandstones with these diagenetic facies belong to the ultra-lowly permeability sandstones. 
The origin model of lowly permeable reservoir bed indicated that formation of lowly permeable reservoir is the result of combined effects of deposition and diagenesis. The initial porosity of sandstones was about 30%. In the early and middle diagenetic stages, the overall loss of porosity caused by compaction and cementation was about 25%, and porosity was improved about 10% by dissolution in the late diagenetic stage. All above factors formed present lowly permeability reservoirs bed. In contrast to conventional reservoirs, the local high physical property by dissolution in lowly permeability reservoirs bed is a key for whether or not bearing oil effectively
